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METHOD FOR THE PRODUCTION OF AN ISOTROPIC POLYMERIC NETWORK 

5 

The present invention relates to a method for the production of an 
isotropic polymeric network comprising multifunctional molecules by reacting in a solvent 
an amount of multifunctional molecules with an amount of a coupling agent. 

In material development there always has been, and still is, a drive 

1 0 towards lighter materials and/or materials with higher mechanical properties as e.g. 

stiffness. This not only is seen in more traditional applications were steel is often replaced 
by lighter aluminium, but also in recently developed applications in which more and more 
polymeric materials are used. Especially in the case of polymeric materials the advantage 
over metals of a larger degree of freedom of design as well as their insulating properties 

1 5 are well acknowledged. The properties of polymeric materials can further be tailored by the 
use of fillers and/or reinforcing agents as e.g. kaolin, glass fibres and carbon fibres. 
A consequence however of adding these fillers is the introduction of anisotropy in a 
polymeric material with a high increase in stiffness in a so-called oriented direction and a 
much lower increase in stiffness in another direction. Furthermore the density of the 

20 polymeric material increases upon adding fillers. 

A disadvantage is that anisotropic materials can not be used for all 
applications due to the fact that their properties differ in different directions in a shaped 
article and consequently different behavior in different directions in the shaped article are 
encountered. 

25 Moreover, lightweight polymeric materials have become available 

through the use of foaming techniques. This foaming is actually a dilution of the polymeric 
material with a gas resulting in a material with up to very small cavities containing a gas 
thereby rendering the polymeric material lighter. This foaming however not only reduces a 
material's weight but also its stiffness. A drawback of the obtained foams is that the 

30 stiffness of the foam decreases with a larger factor than the dilution ratio, consequently 
resulting in a lower specific Young's modulus (i.e. modulus per volume of weight) than the 
unfoamed polymeric material. 

Yet, a further improvement of tailoring properties of a polymeric material 
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is through the additional use of nanostructured chemicals as reported in WO01/72885. In 
this publication e.g. polyhedral oligomeric silsesquioxanes are used as nanostructured 
chemicals together with e.g. glass fiber in polypropylene. Although stiffness is increased to 
some extent these glass fibres still render the polypropylene anisotropic. It also is reported 
5 that the nanostructured chemicals can be applied as such to a polymeric material, in which 
case the attainable stiffness is not only significant less than in the case of a polymeric 
material with glass fibers but also an additional processing step is required for mixing the 
nanostructured chemical into the polymeric material. 

Object of the invention is to provide a process that yields an isotropic 
1 0 polymeric network with a high specific Young's modulus. 

This object is achieved with the process of the invention wherein the 
multifunctional molecules have a functionality of at least 5, the coupling agent is present in 
an amount which is sufficient to couple the multifunctional molecules to at least 5 other 
multifunctional molecules and wherein the sum, p , of the amount of the multifunctional 

15 molecules and coupling agent per unit of volume (in kg/m 3 ) is at least equal to the value as 
given by expression (I) 

— -s — 2 — r (') 

10 26 (d + L) 3 
in which expression 

20 a = 0.2. 

d = the diameter of the multifunctional molecule in meter, including the length of the bonds 
to the middle of atoms of the coupling agent to which it is attached. 
L = the length of the coupling agent in meter, measured between the middle of the atoms 
that are connected to the multifunctional molecule. 
25 mi = the molecular mass of the multifunctional molecule as present in the isotropic 
polymeric network in g/mole. 

m 2 = the molecular mass of the coupling agent as present in the isotropic polymeric 
network in g/mole. 

n = the functionality of the multifunctional molecule (« > 5 ). 
30 The amounts of multifunctional molecules and coupling agent being 

weight amounts of multifunctional molecule and coupling agent in kg and the volume being 
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the total volume of multifunctional molecule, coupling agent and solvent in m 3 . 

The sum of the amounts of multifunctional molecules and coupling 
agent, per unit of volume [kg/m 3 ] is hereinafter referred to as the concentration, p , of 
multifunctional molecules and coupling agent. 
5 A multifunctional molecule in this application is a molecular unit 

comprising at least 5 functional groups, wherein at least a substantial amount of the 
functional groups are in a substantially fixed position towards the other functional groups, 
or at least towards a set of functional groups. A substantially fixed position can be 
achieved through various ways, e.g. through the architecture of the molecule, through 

1 0 steric hindrance, or upon reacting the multifunctional molecule during formation of the 
isotropic polymeric network. Substantially fixed means that the functional groups are at a 
virtually fixed distance and/or angles towards each other. Examples of the molecular units 
are diamantane, adamantane, biadamantane, polyhedral oligomeric silsesquioxane and 
bucky balls. Examples of structural formulas of diamantane, adamantane, biadamantane, 

1 5 polyhedral oligomeric silsesquioxane are given in the formula sheet under respectively 
structures A-D in which structures X represents a functional group. Preferably the 
molecular unit comprises a cage like molecule as e.g polyhedral oligomeric silsesquioxane 
and bucky balls. This results in the best substantially fixed position of the functional groups 
in a multifunctional molecule. 

20 In the process of the invention the multifunctional molecules are 

generally dissolved in a solvent. In order to increase the solubility of the multifunctional 
molecule the structure of the multifunctional molecule can be modified, with so-called side 
groups such as e.g. aliphatic groups or polar groups such as e.g. amine or carboxylic 
groups in the case of a polar solvent. The amount and type of side groups required 

25 improving the solubility in a given solvent of a multifunctional molecule can be easily 
assessed by a skilled man through routine experimentation. 

Functional groups at the multifunctional molecule are those groups that 
can react with the coupling agent to form a bond with this coupling agent. This bond can 
be e.g. a covalent bond or a so-called supramolecular bond, e.g. a bond through 

30 complexation of a transition metal or through hydrogen bonding. In the case the bond is a 
covalent bond the functional group is a group normally applied in chemistry as e.g. a 
Williams synthesis, Suzuki coupling, ester formation, amide formation, imide formation, 
addition reaction of amines to bucky balls or an arylhalogenide to be coupled with boronic 
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acid or acetylenes. In the case the bond between the multifunctional molecule and the 
coupling agent is obtained through complexation of a transition metal, the functional group 
comprises a suitable ligand. Suitable ligands are e.g. nitrogen or phosphorus containing 
groups as e.g. terpyridines. In this case the multifunctional molecule is coupled through its 
5 ligands with a transition metal as coupling agent. 

The diameter of the multifunctional in expression (I) is defined as the 
diameter of the multifunctional molecule in meter, including the length of the bonds to the 
middle of atoms of the coupling agent to which it is attached. This means that the 
bondlength to the coupling agent up to the middle of the atom in which this bond ends is 

10 included. The diameter can be determined through known computer programs for 
molecular modelling as e.g. Discover C97) from Accebrys Inc. 

The multifunctional molecule according to the invention comprises at 
least 5 functional groups. Preferably the multifunctional molecule comprises at least 6 
functional groups. In this case a higher specific Young's modulus can be obtained. More 

15 preferably the multifunctional molecule comprises at least 7 functional groups. This allows 
the method for the production of an isotropic polymeric network according to the invention 
to render an isotropic polymeric network with an even higher specific Young's modulus. 
Most preferably the multifunctional molecule comprises at least 8 functional groups. In this 
way the method for the production of an isotropic polymeric network according to the 

20 invention renders an isotropic polymeric network with a still even higher specific Young's 
modulus. Best ratio of specific Young's modulus to functionality is achieved when the 
multifunctional molecule comprises 9 functional groups. 

A multifunctional molecule with at least 5 functional groups in the present 
invention is typically not a dendrimer, because the positions of the functional groups in a 

25 dendrimer are not in a geometrically fixed position with respect to each other, nor do they 
become fixed by reacting with the coupling agent or other multifunctional molecules. If a 
dendrimer is incorporated into a polymeric network a network is obtained which does not 
exhibit the highest possible specific Young's modulus. 

In the case that the isotropic polymeric network according to the 

30 invention is used in an application requiring acid resistance, preferably only a limited 
amount or none of the silsesquioxanes is used as multifunctional molecule. These 
multifunctional molecules yield isotropic polymeric networks with a lower acid resistance. 

A coupling agent in this application is understood to be a molecule with 



WO 2004/092253 



PCT/NL2004/000254 



-5- 

at least two reactive groups, which can react with the multifunctional molecule whereby the 
coupling agent bonds two multifunctional molecules to each other. These bonds can be 
e.g. a covalent bond or a so-called supramolecular bond, e.g. a bond through 
complexation of a transition metal or through hydrogen bonding. If a bond is obtained 
5 through complexation of a transition metal the coupling agent is a transition metal. In this 
case the number of reactive groups is equal to the coordination ability of the transition 
metal. Such a transition metal can easily be used, e.g. in the form of a salt. Suitable 
transition metals are e.g. Ru, Co, Zn and Mn. Readily available is e.g. cobalt and zinc 
acetate that can suitably be used. Preferably transition metals are used with high 
10 coordination ability as e.g. Ru with a coordination ability of 6, for example in the form of 
RuCI 3 . 

The length of the coupling agent is defined as the length of the coupling 
agent in meter, measured between the middle of the atoms that are connected to the 
multifunctional molecule. 

15 Optionally the coupling agent can furthermore comprise a rod like 

molecule comprising a head and a tail each with a reactive group. The coupling agent 
bonds two multifunctional molecules to each other. An advantage of using a coupling 
agent comprising a rod like molecule is that this enables low densities to be obtained for 
the isotropic polymeric network. 

20 In general the rod like molecule is a structure which is substantially 

straight and rigid e.g. through its architecture or through steric hindrance. Examples of rod 
like molecules include cubanes, staffanes, oligoynes, cumulenes, oligophenylenes or 
polyphenylenes, bi-terpyridines, acetylenes or aromatic oligo- or polyamides. Preferably 
oligophenylenes, polyphenylenes and bi-terpyridines are used because of their 

25 commercial availability and easy processability. 

An examples of a reactive group at the head and tail of the rod like 
molecule of the coupling agent is e.g. an arylhalogenide to be coupled with boronic acid or 
an acetylene, or vice versa, to form a covalent bond. 

In the process of the invention the multifunctional molecules are 

30 generally dissolved in a solvent. In order to increase the solubility of the multifunctional 
molecule the structure of the multifunctional molecule can be modified, with so-called side 
groups such as aliphatic groups or polar groups such as amine or carboxylic groups in the 
case of a polar solvent. (In the case of e.g. oligo- or polyphenylenes aliphatic groups or - 
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chains, e.g. hexylgroups, can be reacted to the rod like molecule as side groups.) The 
amount and type of side groups required improving the solubility in a given solvent of a 
multifunctional molecule can be easily assessed by a skilled man through routine 
experimentation. 

5 Whether the structure of a rod like molecule is substantially straight and 

rigid can furthermore be calculated by known computer programs as e.g. available from 
Accebrys Inc., e.g. through molecular mechanics calculations with the program Discover 
('97) using e.g. the CVFF (Consistent Valence Force Field) forcefield. A rod like molecule 
is defined as substantially straight and rigid when the average radius of giration of a rod 

10 like molecule as calculated in a molecular dynamics simulation at roomtemperature is at 
least equal to 70% of the radius of giration of a rod like molecule in a fully extended state. 
Preferably the average radius of giration of a rod like molecule as calculated in a molecular 
dynamics simulation at roomtemperature is at least equal to 80% of the radius of giration 
of a rod like molecule in a fully extended state. More preferably the average radius of 

15 giration of a rod like molecule as calculated in a molecular dynamics simulation at 

roomtemperature is at least equal to 90% of the radius of giration of a rod like molecule in 
a fully extended state. 

The production of an isotropic polymeric network according to the 
present invention generally is carried out in a solvent. Suitable solvents include e.g. 

20 benzene, toluene and dioxane. The solvent preferably is a polar solvent in the case the 
bond between a multifunctional molecule and coupling agent is formed through 
complexation of a transition metal. Suitable polar solvents include dimethylformamtde, 
methanol and acetonitrile. Furthermore molten multifunctional molecules can be used as 
solvent or the rod like molecules can be molten, thereby acting as solvent for the 

25 multifunctional molecules. 

The functional group of the multifunctional molecule forms, upon 
reacting, a bond with the reactive group of the coupling agent. The bond between the 
multifunctional molecule and the coupling agent preferably is a covalent bond or a bond 
through complexation of a transition metal as these bonds are not sensitive to moisture. 

30 More preferably the bond is obtained through coordination chemistry e.g. through 
complexation of a ligand as a functional group at the multifunctional molecule with a 
transition metal as coupling agent. These bonds can be obtained in a fast way by a 
reaction at room temperature. 
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The temperature at which the process according to the invention is 
carried out depends on the conditions required to form the above mentioned bond. The 
temperature at which the process is conducted is at least equal to the temperature 
required to form said bond. The conditions at which the said bonds are formed can be 
5 easily determined by the skilled man through routine experimentation. 

In the process of the invention the coupling agent is present in an 
amount that is sufficient to couple the multifunctional molecules to at least 5 other 
multifunctional molecules. This means that the molar amount of coupling agent is at least 
2.5 times more than the molar amount of the multifunctional molecule, since one coupling 

10 agent couples to 2 multifunctional molecules. 

In the process of the invention the concentration of the multifunctional 
molecules and coupling agent is at least equal to the value as given by formula (I), above. 
Through this concentration the process of the invention yields an isotropic polymeric 
network with a high specific Young's modulus. Furthermore the isotropic polymeric 

1 5 network has a low density. 

An especially attractive version of the process for the production of a 
isotropic polymeric network is by reacting the multifunctional molecules with a coupling 
agent, in a stoichiometric ratio whereby the amount of the coupling agent corresponds to 
the amount of functional groups at the multifunctional molecule, and thereby grow the 

20 isotropic polymeric network. The reaction may be performed in a mould and consequently 
a shaped article is obtained as the grown isotropic polymeric network obtains the shape of 
the mould in which the reaction is carried out. After reacting the multifunctional molecule 
with the coupling agent, the solvent can be evaporated or extracted in order to obtain a dry 
isotropic polymeric network. 

25 Surprisingly it was found that if the concentration of the multifunctional 

molecules and the coupling agent are determined according to expression (I) in which 
expression the value of 'a' is chosen equal to 0.4 there is no substantial collapse of the 
formed dry, solvent free isotropic polymeric network upon drying or extracting. This results 
in the lowest achievable density for that particular combination of multifunctional molecule 

30 and coupling agent. 

With the process according to the invention an isotropic polymeric 
network can be obtained with a specific modulus of at least 0.010 GPa.m 3 /kg and a density 
of less than 1000 kg/m 3 . Preferably the density is lower than 700 kg/m 3 . This makes the 
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isotropic polymeric network suitable for machine components that are subject to high 
acceleration forces. More preferably the density is lower than 500 kg/m 3 . This makes the 
isotropic polymeric network very suitable for aerospace applications. 

Isotropic polymeric networks as such are known e.g. from Ullman's 
5 Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag, online posting date 15-6- 2000, 
DOI: 10.1002/14356007.a21_217. Reported are e.g. unsaturated polyester resins with 
densities of 1200-1400 kg/m 3 and a modulus of elasticity of 3400-4300 MPa, resulting in 
specific moduli of between 0.0024 and 0.0036 GPa.rrvVkg. These values of specific 
Young's modulus are significantly lower than the values of the isotropic polymeric network 
1 0 according to the invention. 

An additional advantage of the isotropic polymeric network according to 
the invention is that said network does not comprise entrapped gas, as remainders of 
blowing agents, as usually present in foams. Entrapped gas is detrimental for applications 
at higher temperature due to thermal expansion of the gas. This can cause ageing of the 
1 5 foam by diffusion of gasses in and out of the material. 

The invention therefore also relates to a new material according to claim 
4, as well as shaped articles comprising the isotropic polymeric network according to the 
invention. 

Due to the high specific Young's modulus the isotropic polymeric 
20 network according to the invention is furthermore suitable as construction material. 

The invention will be further elucidated with the following non-limiting 

examples. 

Example I - phase A : Synthesis of a multifunctional molecule 
25 Octa(p-chlorophenyl)pentacyclo[9.5.1 .1 3 ,9 .1 5 ' 15 .1 7 ' 13 ]octasiloxane (formula '2') was 

prepared from 1-bromo-4-chlorobenzene in a 2 step reaction, comprising steps a. and b. 
as given below. 

Stee_a. preparation of 4-ChlorophenyltrichIorosilane (formula '1'). 
The preparation is summarized by the equation as given below. 

30 
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To 36 gram of magnesium turnings in 100 ml dry diethyl ether a solution 
of 236 g 1-bromo-4-chlorobenzene in 480 ml dry diethyl ether was added in 3 hours, 
thereby forming a reaction mixture. The reaction mixture was refluxed for another 3 hours 
and was added to 224 g silicontetrachloride in 375 ml diethyl ether in the course of 1 hour. 
After refluxing overnight, the reaction mixture was separated from the insoluble 
magnesium salts and was dried under reduced pressure. Purification of the residue was 
done by vacuum distillation to give 4-chlorophenyltrichlorosilane (formula T). 



Step b. Preparation of octa(p- 
chlorophenyl)pentacyclo[9.5.1.1 3,9 .1 5,15 .1 7 » 13 ]octasiloxane (formula '2') 
The preparation is summarized by the equation as given below. 



ci 

Cl Si — O Si 



Cl 




Cl — (( )>— SiCl 3 Benzene ^ Si— O-j— Si- ( 

Benzyltrimethyl- Si ~l°"/ 

ammoniumhydroxide | x ° I ^^Cl 

Si — O Si 

ft >0t 

An amount of 20 g of 4-chlorophenyltrichlorosilane as obtained in step a. 
above was dissolved in 150 ml benzene and shaken with brine until complete hydrolysis. 
The resulting solution was washed with water and subsequently 1 ml of methanolic 40% 
benzyltrimethylammonium hydroxide was added to the solution. The solution was refluxed 
for 6 hours and allowed to stand at room temperature during about 72 hours whereby 
crystals were formed. The crystals were recovered by filtration and chromatographic 
separation on silica (eluent CH 2 CI 2 ) to give octa(p-chlorophenyl)penta- 
cyclo[9.5.1.1 3 ' 9 .1 5(15 .1 7,13 ]octasiloxane (formula '2') 
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Example I- phase B: Synthesis of a coupling agent, comprising a rod like molecule: 4,4- 
biphenyldiboronic acid (formula '3') 

The preparation is summarized by the equation as given below. 




1) h-Bu Li 

2) B(OR) 3 

Br — B(OH)2— (C )>— (( ^BCOHk 

3) H 3 0 + 




To a solution comprising 25 g 4,4-dibromobiphenyl in 500 ml 
tetrahydrofuran, n-butyllithium (100 ml, 2.5 M solution in hexane) was added dropwise at a 
temperature of-78°C, thereby forming a mixture. The mixture was allowed to warm up to 
room temperature and stirred for 1 hour. The mixture was cooled again to temperature of- 
78°C and 75.2 g triisopropylborate was added. The mixture was warmed to room 
temperature, stirred overnight, diluted with 200 ml diethylether and added to a stirred 
mixture of crushed ice and concentrated sulphuric acid (6 ml). The addition of ether and 
water facilitated the mixture to separate into two layers, an aqueous layer and an organic 
layer. The layers were separated and the organic layer was dried over MgS0 4 and dried 
under vacuum whereby a white solid was obtained which was washed with cold 
diethylether and dried under vacuum to give 4,4 , -biphenyldiboronic acid (formula '3'). 

Example I - phase C . Preparation of an isotropic polymeric network 
An oven dried mould was purged with argon and charged with 21 .06 mg 
tris(dibenzylideneacetone)dipalladium, 0.371 g of 4,4-biphenyldiboronic acid as obtained 
from Example I- phase B, 15.64 mg of 3-bis(2,4,6-trimethyIpheny)imidazolium chloride, 
0.25g Cs 2 C0 3 (which was ground prior to use and dried) 0.9 ml dry dioxane and 0.5 g of 
octa(p-chlorophenyl)pentacyclo[9.5.1.1 3 ' 9 .1 5 ' 15 .1 7 ' 13 ]octasiloxane as obtained from Example 
I - phase A. The charged mould was heated to 101 °C and refluxed for 30 hours. The 
resulting isotropic polymeric network was dried under vacuum. 

Density of the resulting isotropic polymeric network was measured to be 500 kg/m 3 . The 
Young's modulus, E, was determined from a compression test in a closed loop Zwick 
testing machine and was E= 5.4 GPa. The specific Young's modulus therefore was: 



WO 2004/092253 



PCT/NL2004/000254 



-11 - 

0.0108 GPa/(kg/m 3 ). 

Example II Preparation of an isotropic polymeric network 

Phase A. Preparation of a coupling agent: di-imide of pyromellitic di- 

anhydride and 1 ,4 diamino benzene. 

At room temperature 1 mole of pyromellitic dianhydride was mixed with 2 
mole of 1 ,4 diamino benzene in 20 mole of dimethylformamide to form a mixture. This 
mixture was refluxed during 2 hours whereby the di-imide of pyromellitic di-anhydride and 

1,4 diamino benzene was obtained. 

Phase B. Preparation of an isotropic polymeric network. 

A mixture was prepared by mixing 0.8 g of C60 bucky balls as 
multifunctional molecule and 1 .99 g of the di-imide of phase A. above with 1 .5 g 
dimethylformamide. The mixture was put into a mould that was heated for 8 hours at 180 
°C, whereby an isotropic polymeric network was formed. The mould was opened and 
under reduced pressure the solvent was removed. The heating was continued for another 
4 hours at 250 °C. The formed isotropic polymeric network was de-molded and its 
shrinkage upon removal of the solvent was minimal. Density was measured to be 450 
kg/m 3 . The Young's modulus, E, was determined from a compression test in a closed loop 
Zwick testing machine and was E= 4.9 GPa. The specific Young's modulus therefore was: 
0.011GPa/(kg/m 3 ). 

Example III. Preparation of an isotropic polymeric network based on 
octa(aminophenyl)silsesquioxane as multifunctional molecule and pyromellitic dianhydride 

as coupling agent. 

For the production of this isotropic polymeric network the lowest 
preferred concentration can be calculated according to expression (I) with a value of 
'a'=0.2, while the most preferred concentration can be calculated by expression (I) with 
■ a '=0.4. The following values were used in expression (I): 
mi=353 g/mole 
m 2 =366 g/mole 
n=8 

d=0.915 *10' 9 m (as calculated through the program Discover ('97) from Accebrys Inc.) 
L=1.55 *10~ 9 m (as calculated through the program Discover ('97) from Accebrys Inc.) 
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It therefore can be calculated from expression (I) that the lowest 
preferred concentration thus is at least 242.7 kg/m 3 and that the most preferred 
concentration is 485.5 kg/m 3 . 

An amount of 0.1 grams pyromellitic dianhydride (PMDA) was mixed with 
5 0,0756 grams octa(aminophenyl)silsesquioxane (OAPS) and 1 .9 ml N-methylpyrrolidone, 
thereby forming a solution. The solution was poured on a flat dish and was concentrated 
by removal of solvent under vacuum at 15°C, until the total remaining volume was 0.35 ml. 
Consequently, the total weight of PDMA and OAPS was 0.1756 grams. The total volume 
of solvent with PMDA and OAPS was about 0.35 ml, resulting in a concentration of 
10 0. 1 756/0.35 grams/cc = 585 kg/m 3 . 

Then the concentrated solution was transferred from the dish to a small 
oven dried and with Argon purged mould which was heated to 350 °C during a period of 3 
hours and maintained at this termperature for 1 hour to form an isotropic polymeric 
network. Subsequently the mould was cooled and at a temperature of 150°C the solvent 
1 5 was evaporated under vacuum. 

The amount of shrinkage upon removal of the solvent was negligible. No 
cracking was observed. The density was 510 kg/m3. Young's modulus was measured in a 
compression test and found to be equal to 5.5 GPa. The specific Young's modulus 
therefore amounted to 0.0108 GPa/(kg/m 3 ). 

20 

Comparative Experiment A. 

An amount of 0.1 grams pyromellitic dianhydride (PMDA) was mixed with 
0,0756 grams octa(aminophenyl)silsesquioxane (OAPS) and 1 .9 ml N-methylpyrrolidone, 
thereby forming a solution. Consequently, the total weight of PDMA and OAPS was 0.1756 

25 grams. The total volume of solvent with PMDA and OAPS was about 2 ml, resulting in a 
concentration of 0.1756/2 grams/cc = 90 kg/m 3 . The solution was put in a strong closed 
mould that was heated to 350 °C during a period of 3 hours and maintained at this 
temperature for 1 hour. Subsequently the mould was cooled and at a temperature of 
150°C the solvent was evaporated under vacuum. A product was obtained which showed 

30 significant shrinkage during evaporation of the solvent. The shrinkage was furthermore 
accompanied by warpage and some micro cracking. Measuring of mechanical properties 
of this product was not possible. 



